Introduction
============

DNA/RNA-binding protein FUS/TLS has been strongly linked to the development of neuronal dysfunction in ALS and related diseases, although the roles of aberrant compartmentalization, alteration of its normal function in RNA metabolism, and pathological aggregation in mediating pathology are still unclear. FUS mutations are found in familial ALS, and mutant FUS loses its normal nuclear localization and forms characteristic cytoplasmic inclusions in motor neurons of these patients.[@R1]^,^[@R2] Moreover, FUS-positive inclusions have been observed in neurons of some patients that did not carry FUS gene mutations but developed ALS,[@R3] frontotemporal lobar degeneration,[@R4] or other, more rare neurodegenerative disorders,[@R5]^-^[@R7] indicating that under certain conditions, genetically unaltered protein may undergo pathogenic conversion and contribute to the pathology that selectively affects the nervous system.

The NLS is located at the C terminus of the FUS molecule, and a significant proportion of missense or nonsense point mutations that cause hereditary ALS are clustered within this domain.[@R8]^,^[@R9] Methylation of arginine residues in the region upstream of the NLS also contributes to nuclear export of FUS.[@R10] In cultured cells, FUS mislocalized to the cytoplasm is recruited to SGs, dense foci composed of stalled pre-initiation complexes assembled together by a specific pool of proteins.[@R11]^-^[@R15] FUS's ability to enter SGs is closely linked to its RNA binding capacity, and C-terminal RGG boxes and zinc finger of FUS are crucial for this process.[@R16] RRM domain, which plays a pivotal role in binding of RNA by other proteins, including TDP-43,[@R17]^,^[@R18] has been shown to be of limited importance,[@R19]^,^[@R20] or even dispensable,[@R16] for both FUS binding to RNA and SGs recruitment. FUS-containing SGs were recently proposed to serve as "precursors" of insoluble aggregates found in neurons of patients with FUSopathies,[@R13]^,^[@R21]^,^[@R22] although currently there is no direct experimental evidence in support of this idea, and conversion of SGs into insoluble aggregates has never been demonstrated. Moreover, considering that formation of SGs is a protective mechanism; that several aggregation-prone proteins bearing prion-like domains, such as TIA-1, are assembled in SGs[@R11]; and that SGs are highly unstable, dynamic structures, rapidly dissipating without leaving residual aggregates of resident proteins after acute stress is removed,[@R23]^,^[@R24] it could be suggested that SGs recruitment might render protection from, rather than stimulate irreversible aggregation of, cytoplasmic FUS in conditions of stress. Further evidence in support of an idea that RNA binding and sequestering into SGs can prevent aggregation of certain types of proteins emerges from recent studies of TDP-43, a protein structurally and functionally related to FUS and involved in pathogenesis of the same set of neurodegenerative diseases.[@R25]^,^[@R26] In affected neurons, TDP-43 undergoes extensive post-translational modifications, including phosphorylation, ubiquitination, and fragmentation.[@R27] Notably, caspase-cleaved 25 kDa C-terminal fragments of TDP-43, lacking NLS and with disrupted RNA-binding motif, were shown to be highly aggregation-prone and accumulated in neurons of TDP-43 proteinopathy patients,[@R25]^,^[@R28]^-^[@R30] suggesting their involvement in the disease pathogenesis. In cells expressing similar C-terminal fragments of TDP-43, RNA depletion triggers its fast aggregation.[@R31] Moreover, cognate RNA or ssDNA are able to ameliorate in vitro aggregation of functional TDP-43 protein but not its variants deficient for RNA binding due to point mutations or N-terminal truncation.[@R32]

Here we studied the behavior of cytoplasm-targeted FUS variants with different degrees of disruption of C-terminal domains essential for RNA-binding and SG recruitment, and demonstrated that the inability of cytoplasmic FUS to be recruited to SGs promotes its aggregation.

Results
=======

A human FUS protein variant with disrupted nuclear localization signal and RNA binding motifs readily aggregates in cultured cells
----------------------------------------------------------------------------------------------------------------------------------

For expression in cultured eukaryotic cells, plasmid constructs encoding human FUS protein variants with an N-terminal GFP tag were created ([Fig. 1A](#F1){ref-type="fig"}). All these proteins were expressed at comparable levels upon transient transfection of neuroblastoma SH-SY5Y cells ([Fig. 1B](#F1){ref-type="fig"}). In agreement with the results obtained in other cultured cells,[@R12]^-^[@R15]^,^[@R33] normal full-length FUS was confined to the nucleus ([Fig. 1D](#F1){ref-type="fig"}), while its variants with a familial ALS-associated R522G substitution and proteins with NLS deletion, FUS 1--513 were predominantly localized to the cytoplasm ([Fig. 1C](#F1){ref-type="fig"}). This is consistent with previous observations that 13 C-terminal amino acids are essential for normal FUS nuclear localization, and that substitution in the position 522 almost completely abrogates nuclear import of the protein.[@R13]^,^[@R34] Later after transfection, in cells that accumulated larger amounts of these FUS variants, they often formed irregularly shaped foci around the cytoplasm ([Fig. 1D](#F1){ref-type="fig"}). A variant with a larger deletion corresponding to the truncated ALS-associated variant, p.G466VfsX14 (FUS 1--466), in which RGG3 domain was almost completely absent, behaved in a similar way ([Fig. 1D](#F1){ref-type="fig"}). However, in cells expressing a further truncated FUS with both C-terminal RGG boxes, zinc finger, and NLS deleted, a principally different pattern was observed. Soon after the onset of expression diffusely distributed protein started to form small, round puncta throughout the cytoplasm ([Video S1](#SUP1){ref-type="supplementary-material"}) that further fused to each other and translocated to the perinuclear area, where they coalesced into a large, irregularly shaped structure ([Fig. 1D and F](#F1){ref-type="fig"}; [Video S2](#SUP1){ref-type="supplementary-material"}), adjacent to but not overlapped with endosomal/lysosomal compartments ([Fig. 1F](#F1){ref-type="fig"}). In some cells FUS 1--359 aggregates were detected as early as 4 h after transfection, when cells expressing other FUS variants showed only diffuse distribution ([Fig. 1C](#F1){ref-type="fig"}). Twenty-four h after transfection, precursors and/or large aggregates were present in a significant fraction of transfected cells ([Fig. 1E](#F1){ref-type="fig"}).

![**Figure 1.** Characterization of mutant FUS proteins transiently expressed in neuroblastoma SH-SY5Y cells. (**A**) Scheme of FUS domain organization and GFP-fusion constructs. (**B**) All GFP-labeled FUS variants utilized in the study are expressed at a comparable level in neuroblastoma cells as revealed with anti-GFP antibody. Total protein extracts for western blot analysis were prepared from cells lysed 24 h after transfection with corresponding expression plasmid. *C* is an unrelated cytosolic GFP-fusion protein used as a control. The size of proteins in kDa is shown. (**C**) Diffuse distribution of cytoplasmically localized FUS variants FUS R522G, FUS 1--513, and FUS ΔRRMcyt is detected in transfected cells at early stages of the ectopic protein accumulation (4--12 h post-transfection) or in cells with relatively low levels of its expression. In contrast, in most cells expressing FUS 1--359, small aggregates are formed very early after transfection. Scale bar: 20 µm. (**D**) Intracellular distribution of GFP-FUS fusion proteins and morphology of aggregates formed in the cytoplasm 36 h post-transfection. See also [Videos S1 and S2](#SUP1){ref-type="supplementary-material"}. (**E**) Twenty-four hours after transfection, the majority of cells expressing FUS 1--359 possess aggregates of some form, and more than half of them display large juxtanuclear structures. (**F**) Juxtanuclear aggregates formed by FUS 1--359 protein are negative for endosomal/lysosmal compartment markers LAMP-1 and LAMP-2. Scale bars: (**D**), 15 µm; (**C and F**), 20 µm.](cc-12-3194-g1){#F1}

Large juxtanuclear structures were occasionally observed in cells expressing high levels of the FUS variant with deletion of another domain involved in RNA binding, RRM, which was rendered cytoplasmic by the introduction of R522G substitution ([Fig. 1D](#F1){ref-type="fig"}, ΔRRMcyt), although in the majority of cells ΔRRMcyt formed granule-like aggregates similar to those formed by full-length or slightly truncated variants.

Truncated FUS lacking C-terminal RNA-binding domains forms aggresomes, while RNA binding competent variants form stress granules in cultured cells
--------------------------------------------------------------------------------------------------------------------------------------------------

Morphology and assembly dynamics of juxtanuclear structures in FUS 1--359-transfected cells resembles those typical for aggresomes, protective cellular structures formed by cultured cells in an attempt to enclose and neutralize potentially deleterious misfolded/aggregated proteins.[@R35] Indeed, immunofluorescent staining for specific markers demonstrated that these structures were adjacent to the centrosome ([Fig. 2A](#F2){ref-type="fig"}), surrounded by a "vimentin cage" ([Fig. 2B](#F2){ref-type="fig"}), and positive for a chaperone protein HSP27 ([Fig. S1](#SUP1){ref-type="supplementary-material"}). Consistent with the importance of microtubule integrity for aggresome formation, treatment of FUS 1--359-expressing cells with a microtubule-disrupting agent nocodazole abolished formation of large aggregates but did not affect small precursors ([Fig. 2C](#F2){ref-type="fig"}).

![**Figure 2.** Aggregates formed by truncated FUS 1--359 in SH-SY5Y cells display typical characteristics of aggresomes. (**A**) Large juxtanuclear structures formed by FUS 1--359 are clustered around the centrosome, visualized with centrosome marker gamma-tubulin (arrowheads). (**B**) Anti-vimentin staining of cells expressing FUS 1--359 reveals a characteristic "vimentin cage" around large juxtanuclear structures. (**C**) Formation of juxtanuclear aggregates by FUS 1--359 (arrow) is prevented by nocodazole-induced disruption of microtubules. Scale bar: 15 µm for all panels.](cc-12-3194-g2){#F2}

In contrast, cytoplasmic foci formed by FUS R522G or FUS 1--513 proteins did not display any typical aggresome characteristics but perfectly co-localized with SGs markers TIAR ([Fig. 3A](#F3){ref-type="fig"}) and G3BP1 ([Fig. 3B](#F3){ref-type="fig"}). Neither juxtanuclear aggresomes, nor small precursor puncta formed by FUS 1--359 were positive for SGs markers, and these structures did not co-localize with SGs occasionally seen in expressing cells without application of exogenous stress ([Fig. 3A and B](#F3){ref-type="fig"}). Moreover, treatment with emetine, a known inhibitor of translational elongation and suppressor of SG formation, dispersed granules formed by FUS 1--513, but had no effect on FUS 1--359 aggregates ([Fig. 3C](#F3){ref-type="fig"}).

![**Figure 3.** Truncated FUS 1--359 is not recruited into stress granules in naïve SH-SY5Y cells. Representative confocal images of cells transfected with plasmids expressing various GFP-tagged FUS variants and stained with antibodies that detect stress granules. Foci spontaneously formed by FUS R522G or FUS 1--513 in a fraction of transfected cells are positive for TIAR (**A**) or G3BP1 (**B**), markers for stress granules, whereas neither large juxtanuclear, nor small dispersed aggregates formed by FUS 1--359 contain these proteins. (**C**) Emetine treatment disperses foci formed by FUS R522G, but has no effect on FUS 1--359 aggregates. Scale bars: 15 µm for all panels.](cc-12-3194-g3){#F3}

To assess whether FUS variants can be recruited to induced SGs, we treated transfected cells with sodium arsenite or applied a heat shock and visualized SGs by either anti-TIAR or anti-G3BP1 staining. With the exception of FUS 1--359, all other studied FUS proteins, including variants lacking RRM or bearing the largest known ALS-associated truncation (FUS 1--466) were readily recruited to SGs ([Fig. 4A](#F4){ref-type="fig"}; [Fig. S2A](#SUP1){ref-type="supplementary-material"}). In contrast, FUS 1--359 was completely excluded from induced SGs ([Fig. 4A](#F4){ref-type="fig"}; [Fig. S2A](#SUP1){ref-type="supplementary-material"}). As in the case of "constitutive" SGs formed in response to FUS overexpression, additional treatment of stressed cells with emetine or cycloheximide abolished SG formation and FUS recruitment in FUS 1--513-expressing cells but did not affect the integrity of either small precursors or aggresomes formed by FUS 1--359 ([Fig. 4B](#F4){ref-type="fig"}; [Fig. S2B](#SUP1){ref-type="supplementary-material"}).

![**Figure 4.** Truncated FUS 1--359 is not recruited into stress granules upon oxidative insult. (**A**) Cells transfected with GFP-tagged FUS expressing plasmids were treated with 0.5 mM sodium arsenite for 1 h and stained with anti-TIAR antibody. Foci formed by FUS R522G and FUS 1--513 are positive for TIAR, while FUS 1--359 aggregates (arrows) do not co-localize with TIAR-positive stress granules (arrowheads). (**B**) Cycloheximide treatment blocks formation of stress granules including those containing FUS 1--513, but does not affect FUS 1--359 aggregates. Scale bar: 15 µm for all panels.](cc-12-3194-g4){#F4}

Aggregation of C-terminally truncated FUS can be prevented by its fusion with RNA-binding domains of TDP-43
-----------------------------------------------------------------------------------------------------------

If the impaired ability for RNA binding and/or SG recruitment seen in FUS variants with deletions of RNA binding domains indeed results in their irreversible aggregation in the cytoplasm, restoration of this ability should impede or prevent such aggregation. To test this idea, we constructed a chimeric protein that was structurally different, yet possessing high RNA-binding capacity and SG affinity motifs, namely RRM1 and RRM2 from TDP-43, fused to the C terminus of FUS 1--359 ([Fig. 5A](#F5){ref-type="fig"}). In transfected cells, this chimeric protein either displayed diffuse cytoplasmic staining or formed multiple irregular shape cytoplasmic foci ([Fig. 5C](#F5){ref-type="fig"}, left panel), i.e., behaved similarly to FUS variants with disturbed NLS but intact RNA-binding domains (compare [Fig. 5C](#F5){ref-type="fig"} left panel with R522G, 1--513 and 1--466 panels in [Fig. 1D](#F1){ref-type="fig"}). Also as predicted, this protein was readily sequestered to SGs induced by sodium arsenite treatment ([Fig. 5D](#F5){ref-type="fig"}). Furthermore, introduction of 3 single amino acid substitutions in the RRM1 domain (L106D, V108D, L111D) that abolish RNA binding by TDP-43[@R36] resulted in the reversal to the aggregation properties typical to the parental FUS protein: accumulation of the chimeric protein in large juxtanuclear aggregates similar to those formed by FUS 1--359 (compare [Fig. 5C](#F5){ref-type="fig"} right panel with FUS 1--359 panels in [Fig. 1D](#F1){ref-type="fig"}) and inability to enter SG ([Fig. 5E](#F5){ref-type="fig"}). These differences in aggregation patterns were not caused by differences in amounts of accumulating proteins, as very similar levels of FUS 1--359 and both FUS-TDP-43 chimeras were detected in cells transfected with corresponding plasmids ([Fig. 5B](#F5){ref-type="fig"}). Results of these rescue experiments strongly suggest that FUS with lost ability to bind target RNA, and, consequently, impaired affinity to SGs, is prone to irreversible aggregation in the cell cytoplasm.

![**Figure 5.** Aggregation of truncated FUS 1--359 in cultured cells can be prevented by fusion with functional RNA-binding domains of TDP-43. (**A**) Scheme of FUS-TDP-43 chimeric proteins. (**B**) Western blot analysis of FUS 1--359 and FUS-TDP-43 fusions using anti-GFP antibody demonstrates their equal levels upon expression in neuroblastoma SH-SY5Y cells. The size of proteins in kDa is shown. (**C**) Intracellular distribution of GFP-tagged chimeric proteins in transfected SH-SY5Y cells reveals granule-like aggregates with diffuse distribution of FUS-TDP-43 with intact RRMs and formation of aggresomes when RNA-binding capacity of RRM1 is abolished by 3 amino acid substitutions, L106D, V108D, L111D (3D mutant). Scale bar: 15 µm for both panels. (**D and E**) FUS-TDP-43 with intact RRMs (**D**) but not FUS-TDP-43 bearing substitutions in RRM1 disrupting RNA binding (**E**) is able to enter stress granules induced by arsenite treatment. Scale bar: 15 µm for all panels.](cc-12-3194-g5){#F5}

FUS 1--359 is able to seed aggregation
--------------------------------------

The N terminus of FUS contains a strong prion-like domain,[@R37] and therefore, it is plausible that FUS 1--359 would seed aggregation of structurally normal FUS molecules. To test this, we employed antibodies specifically recognizing C terminus of FUS, which strongly labeled both endogenous FUS and all variants we used with the exception of FUS 1--359 ([Fig. S3](#SUP1){ref-type="supplementary-material"}). We performed co-transfection of FUS 1--359 with either wild-type or cytoplasmically mislocalized mutants and observed that FUS 1--359 is able to recruit and sequester within aggregates other variants of FUS expressed in the same cell as well as endogenous FUS ([Fig. 6](#F6){ref-type="fig"}). However, this recruitment was dependent upon retention of these proteins in the cytoplasm, as only a fraction of the predominantly nuclear wild-type FUS could be found in cytoplasmic aggregates formed by FUS 1--359, in contrast to nearly complete co-localization seen for cytoplasmic FUS R522G or FUS 1--513 variants ([Fig. 6](#F6){ref-type="fig"}).

![**Figure 6.** Truncated FUS 1--359 protein is able to sequester both normal and mutated FUS variants in aggregates. Cells were co-transfected with shown GFP-tagged FUS variants, and stained with antibody against C terminus of FUS. Cytoplasmic variants FUS R522G and FUS 1--513 are recruited into morphologically distinct aggregates formed by FUS 1--359 (arrowheads). In some, relatively rare cells FUS 1--359 recruits into these aggregates even a fraction of co-expressed wild-type FUS or endogenous wild-type FUS retained in the cytoplasm (lower panel). Scale bar: 10 µm for all panels.](cc-12-3194-g6){#F6}

Discussion
==========

Our studies of human FUS protein variants expressed in cultured neuroblastoma cells demonstrated that disease-associated point mutations or deletions at the C-terminal region that change normal, predominantly nuclear localization of FUS to predominantly cytoplasmic do not trigger aggregation of modified proteins with formation of stable inclusions. In transfected cells, these FUS variants are diffusely distributed throughout the cytoplasm, and when a cell becomes stressed, either because of the ectopic protein accumulation, or by external factor(s), they appear to be sequestered into SGs. However, when inactivation of the C-terminal NLS is accompanied by compromised ability to bind RNA due to deletion of relevant domains, FUS becomes excluded from SGs, which is consistent with previously demonstrated importance of major RNA binding domains for SG recruitment,[@R16] and rapidly aggregates with the formation of typical aggresomes. These results suggest that sequestering of cytoplasmic FUS in SGs prevents its aggregation in stressed cells. Thus, a temporary failure to form SGs might be a "second hit" that triggers aggregation of cytoplasmic forms of FUS under conditions of stress.

There is a growing body of evidence that in human diseases the presence of a mutation that modifies FUS compartmentalization from predominantly nuclear to predominantly cytoplasmic is not per se sufficient for the development of pathological changes in neurons, and additional genetic or environmental events are required for triggering this process.[@R38]^-^[@R41] It is feasible that alterations in cytoplasmic RNP metabolism caused by such external factors may contribute to FUS irreversible aggregation by preventing its sequestration. Even when these alterations are only transient, aggregation of cytosolic FUS, once triggered, might gradually progress via seeding mechanism, resulting in formation of large inclusions and/or cell death due to toxicity of certain aggregation products and secondary effects on RNA metabolism ([Fig. 7](#F7){ref-type="fig"}). Interestingly, a C-terminal caspase-cleaved 25 kD fragment of TDP-43 lacking abilities to bind target RNA and to be efficiently sequestered by stress granules[@R16] is abundant in pathological inclusions in TDP-43 proteinopathies and plays an important role in pathogenesis of these diseases.[@R25]^,^[@R28]^,^[@R29]^,^[@R42]^-^[@R45] Moreover, it has been demonstrated that interaction with target RNA can ameliorate aggregation of binding-competent TDP-43 variants in vitro,[@R31] while acute RNA depletion might stimulate aggregation of TDP-43.[@R32]

![**Figure 7.** A mechanism of pathological aggregation of FUS protein in the cell cytoplasm. A proposed sequence of internal and external events triggering the development of FUSopathy. FUS-containing stress granules are shown in yellow, and FUS aggregates in green.](cc-12-3194-g7){#F7}

The requirement of additional factors for efficient aggregation of FUS protein in vivo might explain difficulties with achieving FUS aggregation and therefore establishing adequate models of FUSopathy in short-living laboratory animals.[@R46]^-^[@R49] The presence of prion-like domains within the C-terminal region of TDP-43 (amino acids 277--414) and the N-terminal region of FUS (amino acids 1--239) has been recently reported.[@R37] Our observations that endogenous FUS proteins become recruited to aggregates formed by FUS 1--359 in cultured cells suggest that certain products of FUS aggregation are capable of seeding aggregation of other, including structurally normal, FUS proteins. Consistent with this idea, in transgenic mice expressing relatively low levels of FUS 1--359 in their neurons and abruptly developing fatal motor neuron pathology, endogenous mouse FUS is present in pathological inclusions formed by transgenically expressed truncated protein.[@R50] It is feasible that a similar mechanism might be involved in the formation of inclusions and even spreading of pathology in human FUSopathies.

In conclusion, our results suggest that sequestering in cytoplasmic RNP particles protects mislocalized FUS from aggregation, while certain structural modifications of the protein or alterations of cellular RNA metabolism might compromise this process, leading to irreversible aggregation and further pathological changes in the affected cells.

Materials and Methods
=====================

Expression plasmids and transfection of eukaryotic cells
--------------------------------------------------------

Human FUS or TDP-43 cDNA fragments carrying point mutations or deletion were produced by PCR amplification from the full-length cDNA using designed primers cloned into pTOPO-Blunt vector (Invitrogen) and, after verification of the insert sequence, subcloned into the pEGFP-C1 vector (Clontech) downstream and in-frame with the GFP coding region. SH-SY5Y human neuroblastoma cells were maintained in Dulbecco modified Eagle medium (Invitrogen), supplemented with 10% fetal bovine serum. For immunofluorescence, cells were grown on poly-L-lysine-coated coverslips. Cells were transfected with the expression plasmids using Lipofectamine2000 reagent (Invitrogen) according to the manufacturer\'s instructions. For co-transfection, equal amounts of plasmid DNA for each construct were taken to the reaction. For disruption of microtubules, cells were treated with nocodazole (Sigma-Aldrich) at a final concentration of 0.5 or 1 µM for 4 h. In heat shock experiments, cells were subjected to 43 °C for 1 h. For induction of oxidative stress, cells were exposed to 0.5 mM sodium arsenite (Sigma-Aldrich) for 1 h. Emetine and cycloheximide (Sigma-Aldrich) were used at final concentrations of 20 and 10 µg/ml, respectively.

Immunofluorescence
------------------

Cells were fixed with 4% paraformaldehyde on ice for 15 min, followed by washes with PBS, and 5 min permeabilization in cold methanol. Immunostaining and detection was performed as described previously.[@R50] After 3 washes with PBS and blocking in 5% goat serum/PBS/0.1% Triton X100 for 1 h at room temperature, samples were incubated with primary antibodies (see below) diluted in blocking solution. Alexa Fluor-conjugated anti-mouse or anti-rabbit immunoglobulins (Molecular Probes) were used as secondary antibodies (1:1000 in PBS/0.1% Triton X100), and cell nuclei were visualized with DAPI. Epifluorescent images were taken using either BX61 microscope (Olympus) or confocal Leica DM6000B microscope (Leica Microsystems) and processed using Cell-F software or Leica Application Suite AF software.

Live-cell imaging
-----------------

Time-lapse images were obtained using a Leica TCS SP2 MP confocal microscope, equipped with an on-scope incubator with temperature control (Leica Microsystems). SH-SY5Y or COS7 cells were plated on glass-bottomed tissue culture dishes and transfected with FUS 1--359 construct as described above. Eight hours post-transfection, regular culture media was replaced with HEPES-buffered media (10 mM HEPES-KOH, pH7.5) for maintaining physiological pH outside a CO~2~ incubator. Cells were visualized under Fluotar L 63 × 1.4 oil objective. A sequence of images taken with 8 min intervals was further transformed into video using Leica Application Suite AF software.

Antibodies
----------

Primary antibodies against the following antigens were used: C terminus of FUS protein (mouse monoclonal, clone 4H11, Santa Cruz Biotechnology); N terminus of FUS protein (rabbit polyclonal, Abcam; mouse polyclonal, BD Biosciences); GFP (mouse monoclonal, clone 3A9, Protein Synthesis); TIAR (mouse monoclonal, clone 6, BD Biosciences); G3BP1(mouse monoclonal, BD Biosciences); vimentin (mouse monoclonal, clone rv202, BD Biosciences); gamma-tubulin (mouse monoclonal, clone GTU-88, Sigma-Aldrich); HSP27 (rabbit polyclonal, Cell Signaling); LAMP-1 (mouse monoclonal, clone H4A3, BD Biosciences); LAMP-2 (mouse monoclonal, clone H4B4, BD Biosciences); β-actin (mouse monoclonal, clone AC-15, Sigma-Aldrich). All primary antibodies were used in 1:1000 dilution for both immunofluorescence and western blotting.

Western blotting
----------------

Cells or tissues were homogenized directly in SDS-PAGE loading buffer and denatured at 100 °C for 10 min. Equal amounts of total protein were run on SDS-PAGE, transferred to PVDF membrane by semi-dry blotting followed by blocking, incubation with primary and HRP-conjugated secondary (GE Healthcare) antibodies, and ECL detection. Equal loading was confirmed by reprobing membranes with antibodies against β-actin.
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